Photoelectrons produced from the excitation of spin-degenerate states in solids can have a sizable spin polarization, which is related to the phase of interfering channels in the photoemission matrix elements. Such spin polarization can be measured by spin-resolved photoemission spectroscopy to gain information about the transitions and the Wigner time delay of the process. Incorporating strongly correlated electron systems into this paradigm could yield a novel means of extracting phase information crucial to understanding the mechanism of their emergent behavior. In this work, we present, as a case study, experimental measurements of the cuprate superconductor Bi 2 Sr 2 CaCu 2 O 8+δ by spin-resolved photoemission while maintaining full angular and energy resolution. A spin polarization of at least 10% is observed, which is related to the phase of the photoelectron wave function. DOI: 10.1103/PhysRevB.95.245125 The electronic properties of crystals are best understood when information on their band structure can be obtained. Angle-resolved photoemission spectroscopy (ARPES) provides a direct means of reconstructing the band structure by measuring the energies and momenta of electrons photoexcited from a solid [1] . Spin-and angle-resolved photoemission spectroscopy (SARPES), in addition, measures the spin polarization P of the photoelectron beam as a function of emission angle and kinetic energy. This can show a net polarization if the initial state is polarized as, for example, in ferromagnets [2, 3] or spin-momentum-locked systems, such as Rashba-like materials [4] [5] [6] and topological insulators [7] [8] [9] [10] , but also as a result of the photoemission process as a whole [11] . If the incident light is circularly polarized, i.e., it carries angular momentum, the spin polarization of the photoelectron beam from solid-state targets can, in several different circumstances, be interpreted as a result of the selection rules for the considered transitions along the lines of the atomic Fano effect [12] [13] [14] [15] [16] .
Photoelectrons produced from the excitation of spin-degenerate states in solids can have a sizable spin polarization, which is related to the phase of interfering channels in the photoemission matrix elements. Such spin polarization can be measured by spin-resolved photoemission spectroscopy to gain information about the transitions and the Wigner time delay of the process. Incorporating strongly correlated electron systems into this paradigm could yield a novel means of extracting phase information crucial to understanding the mechanism of their emergent behavior. In this work, we present, as a case study, experimental measurements of the cuprate superconductor Bi 2 Sr 2 CaCu 2 O 8+δ by spin-resolved photoemission while maintaining full angular and energy resolution. A spin polarization of at least 10% is observed, which is related to the phase of the photoelectron wave function. DOI: 10.1103/PhysRevB.95. 245125 The electronic properties of crystals are best understood when information on their band structure can be obtained. Angle-resolved photoemission spectroscopy (ARPES) provides a direct means of reconstructing the band structure by measuring the energies and momenta of electrons photoexcited from a solid [1] . Spin-and angle-resolved photoemission spectroscopy (SARPES), in addition, measures the spin polarization P of the photoelectron beam as a function of emission angle and kinetic energy. This can show a net polarization if the initial state is polarized as, for example, in ferromagnets [2, 3] or spin-momentum-locked systems, such as Rashba-like materials [4] [5] [6] and topological insulators [7] [8] [9] [10] , but also as a result of the photoemission process as a whole [11] . If the incident light is circularly polarized, i.e., it carries angular momentum, the spin polarization of the photoelectron beam from solid-state targets can, in several different circumstances, be interpreted as a result of the selection rules for the considered transitions along the lines of the atomic Fano effect [12] [13] [14] [15] [16] .
Also, when the incident light is linearly polarized or unpolarized, i.e., it does not transfer a net angular momentum, the photoelectron beam can still present a sizable P. The origin of this effect lies in the symmetry reduction of angledependent photoemission and in the interference of different photoemission channels. The size of P is related to the phase shift of the complex matrix elements describing the transitions under consideration [17] [18] [19] . One can, therefore, access the phase information by measuring the spin polarization of the photoelectrons. In particular, a novel application of SARPES is the estimate of the Eisenbud-Wigner-Smith (EWS) time delay [20] τ EWS of photoemission, defined as the derivative of the phase shift with respect to the photoelectron kinetic energy, obtained from the measured P, as shown in Ref. [19] for the model system Cu(111). By expressing the spin polarization as a function of the radial parts and phase shifts of the matrix elements, along the lines of the atomic half-scattering formalism [18] , one can analytically obtain an estimate for a finite inferior limit to the EWS time delay in the attosecond * Corresponding author: mauro.fanciulli@epfl.ch domain. In particular, under the assumption that the moduli of the matrix elements do not vary in the considered E b range, by measuring the slope of spin polarization versus electron binding energy E b , one can estimate |τ EWS | >h|dP /dE b |. A better knowledge of the matrix elements and a detailed description of the scattering geometry can lead to an improved estimate. This approach is complementary to attosecondresolved spectroscopies, such as photoemission streaking [21] and reconstruction of attosecond beating by interference of two-photon transitions (RABBITT) [22] , and, by combining them with SARPES, one could tackle the fundamental issue of the chronoscopy of photoemission [23] .
From the materials point of view, the phase information can also be employed in order to better understand correlations because phase is vital to the full description of the electronic structure in strongly correlated electron systems. In this paper, we present experimental results on the optimally doped cuprate Bi 2 Sr 2 CaCu 2 O 8+δ (BSCCO 2212, T C ≈ 95 K), measured by spin-resolved photoemission while maintaining the full energy and momentum resolution of ARPES. Cuprate superconductors are representative systems for the study of electron correlations and have been probed extensively by ARPES [24] [25] [26] [27] [28] [29] . Furthermore, it has already been shown in a previous work [30] that spin-resolved angle-integrated resonant photoemission can help improve the description of their electronic structure by determining, for instance, the Zhang-Rice singlet character of the relevant low-energy states in BSCCO. We show that even in the less-specific case of off-resonance photoemission, an energy-and angle-resolved P is measured, thus allowing the access to the phase information. These results are therefore a case study that will open the way for further experiments and lead to qualitatively new insights in the study of strong correlations in high-temperature superconductors.
The experiments were performed at the COPHEE endstation at the Swiss Light Source [31, 32] . This endstation is equipped with an Omicron EA125 hemispherical analyzer and two orthogonally placed classical Mott detectors. The relevant experimental geometry is shown in Fig. 1(a) . Because of the low photoemission count rate of the states close to the Fermi level and the need to mitigate effects of deterioration of the sample's surface with time, only one of the two Mott detectors of the COPHEE endstation was used. Thus only two spatial components of P were measured, namely, x M and z M . The different regions of the Fermi surface were reached by moving the sample's normal s by changing the angles φ, θ , and ψ.
The sample growth and characterization are reported in Ref. [33] . The band under consideration is the CuO 2 derived state of BSCCO 2212, which is relevant for the superconductivity. This state, as shown in the Fermi surface in Fig. 1(b) with its common labeling, encloses the Brillouin zone corners. It presents a splitting into bonding and antibonding states due to the presence of a CuO 2 bilayer within the unit cell [24] and is affected by umklapp bands due to diffraction by the Bi atoms at the cleaved surface [34] . All momentum distribution curves (MDCs) shown in Figs. 2 and 3 were measured by scanning the angle ψ and using π polarized light of energy hν = 50 eV. In particular, the nodal (N) and antinodal (A) directions in the Brillouin zone were considered. However, due to the difficulties inherent in obtaining precise sample alignment with the channeltron-based setup at COPHEE, the alignment could be imperfect, as indicated by two blue circles on the nodal and antinodal directions in Fig. 1(b) . The BSCCO samples were cleaved and measured in situ at low temperature (T = 20 K) and at a base pressure lower than 1 × 10 −10 mbar in order to obtain a clean surface for the SARPES experiments. The surface quality and orientation were checked by lowenergy electron diffraction. All measurements were performed at 20 K.
In Figs. 2(a) and 2(b), the two P x M and P z M spatial components of P are shown for MDC scans along the nodal and antinodal directions, respectively. The P z M component shows no clear dependence on momentum. On the other hand, all the bands at positive and negative momenta for the nodal and antinodal directions present a clear momentum-resolved spin polarization along the x M direction, with a value that reaches 10%. Notably, each photoemission intensity peak in the antinodal direction presents an up-down spin structure reminiscent of the double polarization feature (DPF) observed in Cu(111) [19] . In the nodal direction, the photoemission intensity peaks are more structured, and there appear to be two partially overlapped DPFs, as can be better seen in Fig. 2(c) , which shows a closeup of P x M for negative momenta from Fig. 2(a) . The signal was fitted with four Gaussian peaks, with the same width and opposite height for each pair of peaks constituting a DPF. Whereas the bonding and antibonding states might play a role in the spin signal but are not resolved, the two DPFs corresponding to the photoemission intensity peaks at k ≈ −0.35Å −1 and k ≈ −0.55Å −1 can be assigned to the main band and to the umklapp replica, respectively. As suggested by the structured photoemission intensity peak, the umklapp replica is possibly enhanced by the misalignment indicated by a blue circle in Fig. 1(b) . A similar behavior is also observed at positive momenta, where, however, the total intensity is lower. It bears mentioning that the nature of the DPF, which seems to be a general property of dispersive bands whereas it does not appear in core levels [19] , is not yet understood.
For comparison, the same scan along the nodal direction was measured in the nonsuperconducting state of the related compound BSCCO 2201 (T C ≈ 8 K; see Ref. [35] for characterization), as shown in Fig. 2(d) . The presence of a clear spin-polarization signal with DPF arising from this system as well, which has no bilayer splitting, excludes any possible interpretation of the spin-polarization signal as a direct consequence of the superconducting state, or bonding and antibonding splitting.
In Fig. 3(a) , the band map measured on BSCCO 2212 along the nodal direction is shown. Red solid lines indicate the MDCs that were measured with spin resolution. Since the P z M signal is considerably smaller compared to P x M , we consider only P x M . In order to determine the variation with E b to obtain the EWS time delay, we plot the value of the spin polarization for one peak from each MDC, choosing the one closer to because it is the cleanest by virtue of being less influenced by overlaps with other DPFs, as indicated by an arrow in Fig. 2(a) . The plot of P x (E b ) is shown in Fig. 3(b) , with an obtained absolute slope of 0.13 eV −1 . Since we have no information about the third component P y M , under the assumption that P does not vary direction but only its modulus in the measured E b range [19] , we can write dP /dE b > dP x M /E b and therefore find an inferior limit for the EWS time delay. If, for example, P y M ≈ 0, we find τ EWS > 85 as, whereas if
as. These values are at least three times larger than the one found for Cu(111) [19] . However, further experiments and theoretical modeling would be needed to determine whether this is due to the enhanced electron correlations in the copper-oxide plane. Furthermore, the investigated binding energy range was necessarily much smaller, and is therefore less suited to make precise estimates about the slope of P (E b ).
Besides the estimate of τ EWS , the main result of the present experiments on BSCCO is the presence itself of a significant spin polarization measured with energy and momentum resolution over the band close to the Fermi level. Such spin polarization is not an indication of a spin-polarized initial state, but is the result of the interference processes that build up the photoelectron wave function in the SARPES experiment. group symmetry configurations, and the overlap of different spin-degenerate initial or final states. Given the variety and complexity of these channels, the development of a general theory of photoelectron interference is needed to extend the application of this paradigm to different materials. In the particular case of BSCCO 2212, for example, the presence of bonding and antibonding states might as well play a role in defining the interfering transitions. The similar values of spin polarization measured on BSCCO 2201 above T C , however, indicate that the spin polarization itself and the DPF are not directly due to the bonding and antibonding states, nor to a peculiar effect of photoemission from a superconducting state, but they, rather, arise from a general phenomenon of interference in photoemission.
Within the present experimental capability, we have determined a sensibly larger EWS time delay in a cuprate superconductor when compared to the results on Cu(111). As a coarse explanation, it might be the case that the photoemission of strongly correlated electrons requires a longer sticking time before they may enter into quasifree particle states than those in a simple Fermi-liquid system, such as copper.
Future experiments could shed light on the asymmetries of correlations going from the nodal to the antinodal direction in cuprate superconductors and the possible dependence of the time delay on temperature and stoichiometry. In order to make better quantitative comparisons and exhaustively study the dependence of spin polarization on several different parameters, however, a more systematic study is required, which will only become possible with the next generation of high-efficiency spin detectors [36, 37] and with the development of a deeper theory of the relationship between spin polarization and time delay in photoemission from solid-state targets.
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